The resistance switching characteristic and electric displacement-voltage hysteresis loop have been observed in BaTiO 3−␦ / Si p-n heterostructures fabricated by laser molecular beam epitaxy. The ferroelectric response of BaTiO 3−␦ can be enhanced by the interface polarization of the junction. The resistance switching property observed in the BaTiO 3−␦ / Si p-n junction can be attributed to the irreversibility of polarization in the polarization and depolarization processes. The present results indicate a potential application of resistance switching in the heterostructures consisting of oxides and Si.
Recently, a great deal of effort has been devoted to exploring materials with multifunctional properties in perovskite-type oxides for their potential applications. Especially, resistive hysteresis effect, which reflects resistance switching under external stimuli, has attracted wide attention due to their potential application in nonvolatile resistance memory.
1 Some research groups have observed resistive hysteresis effect on ferroelectric thin films 2-4 and artificial heterostructures.
5-9 Compared with thin films, the heterostructures have great potential in designing and tailoring devices to specific applications. [10] [11] [12] [13] [14] So far, most of the heterostructures with resistive hysteresis effect are found in alloxide materials or metal/oxide semiconductor. [5] [6] [7] [8] [9] From the view of application, however, it would be important if we can realize resistance switching in the heterostructures made of oxides and Si, which means we could have the possibility of realizing this functional property in the semiconductor integration.
In previous work, we have observed the ferroelectric hysteresis loop in BaNb 0.3 Ti 0.7 O 3 / Si p-n junction. 10 In this work, not only the electric displacement-voltage ͑D-V͒ hysteresis loop but also more interesting hysteresis currentvoltage ͑I-V͒ characteristic are found in the BaTiO 3−␦ / Si p-n junction. The results present the possibility of realizing resistance switching in oxide-silicon p-n junctions.
In order to form p-n junctions with high-quality interfaces, a computer-controlled laser molecular beam epitaxy ͑laser MBE͒ was used to fabricate the BaTiO 3−␦ / Si p-n junctions. We chose 2 in. p-type Si ͑001͒ wafers with resistivity of 4 ⍀ cm as the substrates, and epitaxially grew BaTiO 3 thin films on Si substrates under a low oxygen pressure to obtain n-type BaTiO 3−␦ . As mentioned in our previous report, 10 at first, about two-unit cell thick BaTiO 3−␦ were deposited on the Si substrates at room temperature to prevent the formation of amorphous SiO 2 layer, and then the Si substrates were heated to 620°C under the oxygen pressure of 2 ϫ 10 −4 Pa. The growth process of the BaTiO 3−␦ was monitored by in situ reflection high-energy electron diffraction ͑RHEED͒. When the RHEED streak pattern of the BaTiO 3−␦ layer appeared, the BaTiO 3−␦ with a thickness of 300 nm were continuously deposited at an oxygen pressure of 2 ϫ 10 −4 Pa. Hall measurement confirmed that the BaTiO 3−␦ thin film was electron conductive and the resistivity was 1.7ϫ 10 −2 ⍀ cm at room temperature. 15 For electrical measurement, indium ͑In͒ electrodes of 0.5 mm 2 were used on BaTiO 3−␦ and Si, respectively.
The current-voltage ͑I-V͒ characteristic of the BaTiO 3−␦ / Si p-n junction was measured by a pulsemodulated voltage source at room temperature. Figure 1 shows a I-V curve of the BaTiO 3−␦ / Si p-n junction. The schematic of the measurement circuit is shown in the left inset of Fig. 1 . The sweeping direction of the applied bias voltage was from −6 to + 6 V. The junction exhibited a good rectifying characteristic. In addition, the in-plane resistancetemperature curve of the BaTiO 3−␦ thin film is also shown in the right inset of Fig. 1 measured by the four-probe method. It is seen that the BaTiO 3−␦ thin film exhibited semiconductor behavior in the temperature range of 150-300 K.
The resistance switching characteristic was observed in BaTiO 3−␦ / Si p-n junctions. Figure 2 shows the typical hysteresis I-V curve. As shown in Fig. 2 , the voltage was swept as −6 → 0 → +6→ 0 → −6 V and the numbers from 1 to 4 indicate the direction of the voltage sweep. It is clearly seen that the junction exhibited a low resistance state when sweeping voltage from 0 to + 6 V, and exhibited a high resistance state when sweeping voltage from +6 to 0 V. We also measured hysteresis I-V characteristic for different V max .
a͒ Author to whom correspondence should be addressed. Electronic mail: hblu@aphy.iphy.ac.cn. The voltages were swept as −V max → 0 → + V max → 0 → −V max . As shown in the inset of Fig. 2 , all of the I-V curves exhibited similar hysteresis property. To avoid the electrical damage to sample, the maximum bias voltage applied to the BaTiO 3−␦ / Si p-n junction was limited to 18 V. It is interesting to note that the junction showed larger I-V loop with larger V max , which indicates that the saturated hysteresis loop should be obtained at a maximum voltage larger than 18 V.
The polarization related resistance modulation is usually observed in some ferroelectric films and heterostructures.
9,16
To verify whether the resistance switching is related to ferroelectric response, we measured the electric displacement versus voltage ͑D-V͒ loops of the BaTiO 3−␦ / Si p-n junction with different applied voltages, the results are shown in Fig.  3 . The D-V hysteresis loop is an appropriate way to describe the ferroelectric response in ferroelectric systems with a finite conductivity. 17 From Fig. 3 , it can be seen that the area of the hysteresis loops became greater under larger applied voltage. To prove whether the D-V hysteresis loops resulted from BaTiO 3−␦ thin film, we also grew BaTiO 3−␦ thin film on SrRuO 3 / SrTiO 3 ͑SRO/STO͒ substrate under the same deposition conditions as those for the BaTiO 3−␦ / Si p-n junction. We did not observe the hysteresis loop in the BaTiO 3−␦ thin film on SRO/STO substrate due to the large leakage current, in which the SRO is metallic. 18 To check the origin of the hysteresis loops ͑shown in Fig. 3͒ , we also measured the temperature-dependent hysteresis loops of the BaTiO 3−␦ / Si heterostructure and the result is shown in Fig. 4 . It is seen that the BaTiO 3−␦ / Si junction exhibited weaker ferroelectric response in lower temperature. This observation cannot be understood merely by the ferroelectric property of BaTiO 3−␦ . Since the resistivity of BaTiO 3−␦ is increased with decreasing temperature, the BaTiO 3−␦ thin film was supposed to exhibit stronger ferroelectric response in lower temperature due to the decrease of leakage current. On the other hand, our recent theoretical study 19 has revealed that the carrier densities are increased with the increase in temperature at the interface region, as well as the space charges and the polarization at the interface of heterostructures. Therefore, we suspect that the hysteresis loops in BaTiO 3−␦ / Si p-n junction can be related to the junction interface.
For BaTiO 3−␦ / Si p-n structure, it is well known that there should be a potential barrier region in the p-n interface due to the diffusion of carriers. Equal positive charges and negative charges appear in the n region and p region, respectively, inducing an electric field in the interface region in the direction from the n to the p region. The space charges due to charge transfer between BaTiO 3−␦ and Si form electric dipoles at the BaTiO 3−␦ / Si interface. The dipole moments at the interface can give rise to polarization enhancement in BaTiO 3−␦ / Si p-n junction. 20, 21 With increasing positive bias voltage, the positive polarization of BaTiO 3−␦ increases and reaches to the maximum value when the voltage increases to its maximum value V max ͑V max Ͼ 0͒. Then, as the bias voltage decreases from V max , the polarization of BaTiO 3−␦ also decreases correspondingly. Thus, the process of sweeping voltage from 0 to V max and from V max to 0 is corresponding to the polarization and depolarization processes of BaTiO 3−␦ , respectively. As shown in Fig. 3 , the magnitude of polarization in the polarization process ͑0 to V max ͒ is smaller than its counterpart in the depolarization process ͑V max to 0͒ due to the hysteresis effect of polarization versus applied voltage. Larger I-V loop shown in the inset of Fig. 2 can arise from lager D-V hysteresis loop at larger V max shown in Fig. 3 . Noting that the D-V hysteresis loops cannot be observed in BaTiO 3−␦ thin film on metallic substrate ͑SRO͒, we suspect that the interface of the heterostructure plays an important role in the obtaining of the hysteresis loop.
In conclusion, we have fabricated BaTiO 3−␦ / Si p-n junctions by epitaxially growing BaTiO 3−␦ films on Si substrates. The resistance switching characteristic and D-V hysteresis loop have been observed at room temperature. Our experimental results indicate that the polarization enhancement by the interface can play a very important role in the ferroelectric response in BaTiO 3−␦ / Si p-n heterostructure. The resistance switching characteristic is related to the irreversibility of polarization of the junction. The interesting results suggest 
